may be a functional linkage between OLE1 transcription and the stability of its mRNA. 
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Background
Virtually all living organisms experience a variable environment that, at extremes, may have debilitating effects on physiological performance. However, organisms are generally not passive in the face of debilitating environmental variations, and they exhibit a wide range of behavioural and physiological adaptations that mitigate or exploit the new conditions.
In the case of temperature, these adaptive responses are classified into two broad groups : adaptations of resistance to the debilitating effects of thermal extremes (resistance adaptation), and adaptations of physiological processes over the normal, non-debilitating range of temperatures (capacity adaptations). There is now an extensive literature concerned with the mechanisms underlying both kinds of adaptation. At the molecular level, most attention has been paid to heat-shock proteins (HSPs) as an example of transcriptionally driven responses [ 13. Enhanced expression leads to a much increased tolerance of extreme high temperatures ; a heat-hardening response that is initiated over just a few minutes and lasts for a few hours. Direct evidence in bacteria, yeast, comes from the genetic manipulation of HSP expression, with enhanced HSP expression being linked to improved resistance to heat stress [2] . Many organisms, especially those originating from temperate climates, show an inducible tolerance of cold, non-freezing conditions [3]. Compared with heat hardening, the mechanisms underlying cold adaptation are much less well understood, although, historically, lipid adaptations have been most frequently invoked as important mediators of the effect [4] . Thus coldtolerant individuals have a higher proportion of unsaturated lipids incorporated into membrane lipids, and this is related to decreased physical order of the resulting bilayer. This effect more or less overcomes the ordered, rigidifying effects of cold and has been invoked as an explanation of both capacity and resistance cold adaptation at the level of the whole organism. Much of the early evidence was adduced simply by exploring the effect of cold conditioning upon lipid composition and there is now a large volume of literature describing effects in all kinds of organisms [S] . The precise details of the compositional response vary between taxa, but many reports indicate the primary role of the conversion of a saturated fatty acid into a mono-unsaturated form.
Adaptive responses in the carp
We have recently undertaken a comprehensive assessment of this response in the common carp Cyprinus carpio, using tandem mass spectrometry
[6], a technique that allows direct quantification of underivatized and precisely identified whole molecules [7) . The carp were fed before and during the experiment with a pelleted trout diet that was rich in polyunsaturated oils. Combining positive and negative ion scans allows a global quantification of lipid. We found that, in all phospholipid headgroup classes, the proportion of lipids containing saturated fatty acid in the sn-1 position decreases with time spent in the cold, with corresponding increases in the proportion of monounsaturates. We found comparatively little change in the composition of the sn-2 lipids that, in any case, mainly comprised C,,-C,, polyunsaturates. Thus, the phenotypic response in carp is mediated mainly by desaturation of sn-1 C,, saturated fatty acids to mono-unsaturated forms.
Comparison of lipids from different species that have adapted to divergent thermal environments allows evolutionary responses over the geological time-scale to be addressed. We have obtained specimens of fish species from Antarctic, temperate and tropical waters and compared the lipid composition of a brain membrane fraction enriched in synaptic endings [S]. Again, this analysis indicated that animals from cold environments possessed higher proportions of monounsaturates and reduced proportions of saturates, and that this was again related to a compensatory decrease in membrane static physical order. In comparison, we found that mammalian and avian species possess relatively ordered membranes with higher proportions of saturated fatty acids. This corresponds with the higher body temperatures of these endothermic species and the need to constrain the molecular mobility of the membrane hydrocarbons.
In animals, the transition from a saturated to a mono-unsaturated fatty acid is enzymatically achieved by the activity of the A9-acyl-CoA desaturase. Schunke and Wodtke [9] originally demonstrated that this enzyme was substantially induced 8-1 0-fold following imposition of a cooling regime of 30 OC-acclimated carp down to 10 "C and that this correlated with changes in membrane physical structure [lo] . We took advantage of the availability of a cDNA of the rat homologue to screen a carp liver cDNA library to isolate a clone of the carp desaturase, termed Cdsl (previously pCL) [11, 12] . The resulting cDNA showed close sequence identity with other known A9-desaturases, with the characteristic histidine boxes and secondary structure. RNase protection assays and Northern blot analyses were both used to quantify changes in desaturase transcript levels, and we showed that transcript amounts increased 8-10-fold over the first 5 days after initiating the progressive cooling regime.
The induction of desaturase activity, however, was recorded at the first sampling time, just 24 h after cooling was initiated, whilst transcript elevation was initiated sometime later. Indeed, analysis of desaturase protein amounts by Western immunoblot using an anti-(rat desaturase) antibody indicated that the liver endoplasmic reticulum of warm-acclimated carp possesses substantial amounts of desaturase protein. Indeed, protein levels increased a few days after cooling was initiated, but only well after the increase in desaturase activity was recorded. We have, therefore, suggested that carp liver possesses a latent, inactive form of the desaturase protein that is rapidly activated in the first 48 h after cooling, before the synthesis of new desaturase protein. Thus, we view the regulation of the carp desaturase as having two components: an initial activation of inactive, but pre-existing, desaturase, and the subsequent activation of desaturase transcription and the induction of desaturase synthesis. These two mechanisms act to regulate desaturase activity in a graded fashion in response to the progressive and extended cooling regime imposed upon the animals. The mechanism of activation of latent enzyme remains uncharacterized but presumably involves some kind of post-translational modification, for which a number of potential consensus sites in the desaturase proteins exist.
Re-examination of the desaturase transcripts in the Stratagene cDNA library from liver carp liver has revealed the existence of a second desaturase gene, termed Cds2 [12]. This occurs in two splice variants, with one missing a short sequence from the 3' untranslated region (UTR). Cds2 is 89 "6 identical in amino acid sequence to Cdsl and aligns very closely with all known A9-desaturases. These transcripts represent separate genes, as confirmed by our detection of two separate genes in clones screened from a genomic library for carp, the transcript structure being precisely embedded in the genomic sequence. T h e identity of Cds2 as a A9-desaturase was confirmed b y expression in the Ole1 mutant of the yeast, Saccharomyces cerevisiae, with a consequent rescue of mono-unsaturate production and resumption of growth. An identical result was also obtained for Cdsl. We have now developed DNA probes corresponding to divergent sequences from the non-conserved 3' U T R to allow Northern blot analysis of both genes. This has shown, in contrast with our earlier results, that Cdsl responds to cooling by down-regulation, while Cds2 shows a substantial up-regulation. Thus, carp liver expresses two closely related isoforms of the A9-desaturase with divergent transcriptional responses to cooling. A9-Desaturases are an important part of the response to dietary variation ; indeed, this enzyme has been most extensively characterized in the liver of rats subjected to a repeated starvation/ refeed regime [13] and, more recently, in trout [14]. This suggests that carp liver desaturases might also respond to dietary variation. Schunke and Wodtke [9] have previously demonstrated that carp fed on a more saturated carp diet possessed higher steady state levels of enzyme activity, and did not show such a pronounced response of desaturase activity to cold. This prompted us to explore the effects of dietary manipulation upon the expression of the two desaturase isoforms, using the transcript-specific probes. Animals were pre-conditioned on the pelleted trout diet and then transferred to a more saturated fat diet containing coconut fat. After 2 weeks of this new diet, some animals were then subjected to the usual cooling regime. Control animals were fed the trout diet throughout. As before, the results indicated that Cds2 responds to cooling with a substantial up-regulation of transcript amounts on both diets. Evidently, the expression of this gene was independent of diet. In contrast, Cdsl showed a substantial and equivalent up-regulation in animals held in the warm and fed the saturated diet. This transcript was not affected in animals fed throughout on the unsaturated trout diet. T h e diet-induced up-regulation of Cdsl transcript amounts was abolished by cooling down to 15 "C. T h e expression of A9-desaturases in other carp tissues is equivocal. Using Northern blot analysis we have failed to observe transcripts of either desaturase in any tissue other than liver, even in animals subjected to the cooling regime. However, a more recent cDNA microarray analysis incorporating over 15000 carp cDNAs has observed cold-inducible responses in brain and muscle, albeit at lower levels than in liver (A. Y. Gracey, J. Fraser and A. R. Cossins, unpublished work).
These experiments therefore provide evidence that carp liver uniquely co-expresses two closely related desaturase isoforms, with each isoform being responsive to different physiological stimuli. Carp, like the goldfish, is unusual amongst cyprinids, and other fish taxa, in possessing twice the usual number of haploid chromosomes [15]. This is thought to be due to a whole genome duplication that occurred within the past 10-15 million years, since which time the duplicate genes have either been modified sufficiently from each other to be separately subject to selection, and thus fixed in succeeding generations, or have been progressively degraded and lost as pseudogenes. Work in the 1970s indicated that approx. 50% of all detectable gene loci were duplicated in carp relative to close relatives possessing the usual 20-25 haploid chromosomes [16]. T h e divergence and fixation of developmentally regulated genes have been recorded [17], but we suggest that the two desaturases are the outcome of the duplication of metabolic enzymes [18]. These two desaturases have certainly diverged in their regulatory regions, such that they respond to different physiological stimuli, but they have also diverged in coding sequence. Whether this reflects a gain of regulatory potential in the duplicated
genes or simply a reassortment of regulatory responses that existed in the ancestral unduplicated genome is currently under investigation. The functional significance of substitutions in the primary amino acid sequence is not known. A crucially important question is whether the desaturase induction that follows cooling, and the associated change in lipid unsaturation, are causally related to the acquired resistance or capacity adaptation as expressed at the level of the whole animal or its constituent tissues. At present, the arguments supporting this hypothesis in animals are entirely circumstantial, being based on correlated time-courses of changes in thermal phenotype with changes in lipid composition and post hoc rationalization. However, in the cyano- 
Work with model organisms
Genetic manipulation is technically demanding in vertebrate animals, but is achievable in Drosophila and in the nematode worm Caenorhabditis elegans. We have undertaken a programme of work on the worm, establishing its thermal phenotype and its ability to enhance tolerance of extreme cold following a period of pre-conditioning in cool temperatures. Preliminary experiments (P. A. Murray, unpublished work) indicate that ablation of a specific, cold-inducible desaturase substantially reduces the cold acclimation response, providing strong support for the central role of desaturase induction in thermally induced alterations in phenotype.
To manipulate genetically desaturase expression in fish, we have attempted to genetically transform zebrafish with the carp A9-desaturase (S. Brooks, N. Maclean and A. R. Cossins, unpublished work). We have created a fusion gene construct consisting of Cdsl connected to a downstream green fluorescent protein (GFP) by a linker, both under the control of carp B-actin promoter, thus offering powerful constitutive expression in zebrafish embryos. We have functionally validated this construct in yeast, where it complements the Ole1 mutation, and also tested it in carp EPC (epithelioma papulosum cyprini) cell lines, where GFP expression was observed both by fluorescence microscopy and by Western immunoblot using an anti-GFP antibody. Microinjection of the construct into zebrafish eggs again resulted in embryos expressing GFP, as determined by both microscopy and immunoblotting. Interestingly, in both cell line and embryo, while the anti-GFP antibody initially located the fusion protein at approx. 67 kDa, after a period of time it also located an approx. 27 kDa protein, suggesting a progressive cleavage of the linker between the two proteins. We have grown the GFP-expressing embryos to the adult stage and tested for genomic integration of the construct in progeny by PCR of fin-clip DNA. To date we have not obtained any germ-line-expressing zebrafish despite extensive efforts.
Introduction
In mammals, dietary-derived glucose and long chain fatty acids comprise the vast bulk of the oxidizable substrates required to support normal tissue functions. Complex regulatory mechanisms have evolved to ensure that appropriate tissue substrate supply to support both oxidation and storage is co-ordinated in response to fluctuations in dietary carbohydrate and lipid availability. In the case of fatty acid metabolism, acute modulation of rates of adipocyte lipolysis and lipogenesis, and hepatic and skeletal muscle fatty acid oxidation, is mediated hormonally by insulin and catecholamines. In the longer term, selective transcriptional control of genes that encode key proteins and enzymes for regulation of lipid metabolism provides additional mechanisms to allow appropriate adaptive responses. In addition to insulin and glucocorticoids, it is now well established that the peroxisome proliferator-activated receptors (PPARs), members of the ligandactivated nuclear receptor superfamily, exert major influences on whole body lipid metabolism. In the present review, the notion that, by acting as ' lipid-sensors ', PPARs selectively modulate cellular and tissue capacities for fatty acid oxidation and lipid synthesis and storage will be discussed.
